We have performed an experimental study, at very high resolution, of the wavelength selection and the evolution of rolling-grain ripples. A clear distinction is made between the flat sand bed instability and the ripple coarsening. The observation of the initial wavelength for the rolling-grain ripples is only possible close to the threshold for movement which imposes a constraint on the parameters. Moreover, we have proposed a law for the selection of the unstable wavelength under the latter constraint. Our results suggest that the initial wavelength depends on the amplitude of oscillation, the grain diameter, and the Stokes layer. Besides, during the coarsening, we observe no self-similarity of the ripple shape and for few cases a logarithmic growth of the wavelength. DOI: 10.1103/PhysRevE.69.031307 PACS number͑s͒: 45.70.Ϫn, 47.20.Ϫk, 47.54.ϩr A flat particle bed submitted to an oscillatory viscous flow is generally unstable. This leads to the formation of ripples. Such patterns are encountered in coastal regions where sea waves in shallow water induce a back and forth fluid motion on sandy sea beds. These ripples follow three dynamical stages. Initially, the rolling of individual grains on the flat bed leads to the formation of small patterns, called rollinggrain ripples ͓1͔. Linear stability analysis is used to predict the wavelength selection in this first stage ͓2,3͔. In a second stage, the rolling grain ripples undergo a coarsening process which increases strongly both the height and the wavelength of the patterns ͓4͔. If we wait long enough, the system evolves to a final vortex ripples state ͓5-7͔. As far as laboratory experiments as well as field measurements are concerned, the first and second stages are generally mixed together and the rapid coarsening of ripples can mask the first unstable wavelength of the flat sand bed. The aim of this work is to differentiate the wavelength measurements during these two dynamical stages in order to clarify the governing mechanism close to the onset of ripple formation. We focused on the wavelength selection of initial rolling-grain ripples, their temporal evolution during the coarsening and we characterized their morphology with great accuracy.
A flat particle bed submitted to an oscillatory viscous flow is generally unstable. This leads to the formation of ripples. Such patterns are encountered in coastal regions where sea waves in shallow water induce a back and forth fluid motion on sandy sea beds. These ripples follow three dynamical stages. Initially, the rolling of individual grains on the flat bed leads to the formation of small patterns, called rollinggrain ripples ͓1͔. Linear stability analysis is used to predict the wavelength selection in this first stage ͓2,3͔. In a second stage, the rolling grain ripples undergo a coarsening process which increases strongly both the height and the wavelength of the patterns ͓4͔. If we wait long enough, the system evolves to a final vortex ripples state ͓5-7͔. As far as laboratory experiments as well as field measurements are concerned, the first and second stages are generally mixed together and the rapid coarsening of ripples can mask the first unstable wavelength of the flat sand bed. The aim of this work is to differentiate the wavelength measurements during these two dynamical stages in order to clarify the governing mechanism close to the onset of ripple formation. We focused on the wavelength selection of initial rolling-grain ripples, their temporal evolution during the coarsening and we characterized their morphology with great accuracy.
In order to analyze the dynamics of a granular sand bed under an oscillatory viscous flow, we introduce four length scales, namely: the amplitude of fluid oscillation A, the Stokes layer thickness ␦ϭͱ/( f ), the grain diameter d, and the viscous length
, where f is the frequency of oscillation, the kinematic viscosity, s the grains density, and f the fluid density. The wavelength selection of vortex ripples state is well known. The sand bed deformation is mainly controlled by boundary layer separation and generation of vortical structures at the ripple crest ͓1,8͔, and the equilibrium wavelength is simply proportional to A ͓1,8͔. For rolling-grain ripples, the situation is more complex. On one hand, the size of the steady recirculating cells, which appear above an infinitely small rippled bottom, could scale both with ␦ and A ͓9-12͔. On the other hand, the sediment transport depends on the granular properties of the sand bed and is influenced by d and l v . Although rollinggrain ripples have been studied in laboratory for a long time, experimental data present strong dispersion and the wavelength selection with respect to ␦, A, and d remains unclear.
As in other recent experiments on sand ripples induced by an oscillating flow ͓5,6͔ or by a steady shear flow ͓13,14͔, we used a cylindrical geometry to avoid end effects which could influence the destabilization of the sand bed. The annular channel ͑shown in Fig. 1 in Ref. ͓15͔͒ is made of an inner black cylinder having a radius R 1 ϭ6.925 cm linked with an outer Plexiglas cylinder of radius R 2 ϭ7.70 cm. This leads to a narrow gap width aϭ0.75 cm which limits the development of various two-dimensional patterns ͓17͔. We closed the top and the bottom of the cell by rigid disks fixed to the cylinders. At the bottom of the cell we introduced a flat layer ͑4 -7 cm height͒ of monodisperse spherical glass particle having a density s ϭ2.5 g cm Ϫ3 while the whole cell ͑29 cm height͒ is filled with water. The mean grain diameter d was varied from 65 m to 335 m. The displacement D(t)ϭA cos(2ft) of the annular channel is controlled by the frequency f and the amplitude A of the oscillation. On one hand, the frequency is sufficiently high ͑from 0.2 Hz to 2 Hz͒ to keep the Stokes layers relative to the cylinders ͑from 400 m to 1200 m͒ smaller than the gap whereas the third Stokes layer at the sand-fluid interface is larger than the grain size. Hence, the fluid in the center of the channel remains at rest, in the laboratory frame, while the sand bed oscillates. On the other hand, the acceleration of the oscillation is sufficiently low ͑from 0.5 cm to 30 cm for the amplitude͒ to neglect the inertial force s a i ͓with a i ϭA(2 f ) 2 ] with respect to the effective gravity force acting on the sand grain ( s Ϫ f )g. We used g*ϭg( s Ϫ f )/ s for the reduced gravity of the sediment. The acceleration parameter ⌫ s ϭa i /g* remained small, between 0.05 and 0.17, for almost all the cases we studied. The dynamical behavior of the sand layer is then expected to be identical whether the sand bed is stationary and the fluid moving, or the fluid stationary and the bed moving. In the present experiment, the viscous length l ϭ55 m is kept constant, while the others length scales A, d, and ␦ are varied by a large amount. Combining these quantities, we construct three independent dimensionless numbers: Re ␦ ϭU␦/ϭ2A/␦, Re d ϭUd/ϭ2Ad/␦ 2 , and
). The value reached by the Stokes Reynolds number, Re ␦ ϭ40-500, is relatively small and below the fully turbulent regime ͑100͒ for almost all cases ͓16͔. The fluid boundary layer is then expected to be laminar or weakly disturbed. Besides, the Froude number F d ϭ2 -10 reaches small values close to the marginal limit (F d Ӎ2) obtained from linear stability analysis ͑Fig. 9 of Ref. ͓2͔ for Re d ϭ20-60).
To measure the ripple dynamics, we stopped the oscillation of the cell at regular intervals, 30 or 60 oscillations for instance. The sand pattern remains, even with no flow oscillations. Then, the annular cell was driven in a very slow rotation and we recorded the sand-fluid interface from the outer transparent cylinder with a macro zoom and a chargecoupled device camera. This procedure gives an extremely high spatial resolution: 20 m for the vertical direction and 200 m for the horizontal one.
We have noticed that the preparation of the sand bed may have a drastic influence on the first measured wavelength. To flatten initially the sand bed, we oscillate the cell at high frequency and get a superficial fluidization of the granular layer. We observed strong variations ͑30% dispersion͒ of the initial ripple wavelength just by changing the duration and the intensity of the flattening procedure. We suspect here the influence of the internal structure and the local compaction of the granular material. In order to avoid such dispersion and obtain reproducible results, we fixed the flattening procedure as follows. A typical evolution of the sand layer height, during this initial preparation, is shown in Fig. 1 . In the first stage (tϽt 1 ) we oscillated the cell at high frequency and high amplitude ( f ϭ3 Hz and Aϭ3 cm) to get a complete fluidization of the upper sand layer and destroy all previous patterns. Then, we strongly decreased the amplitude (Aϭ0.1 cm) keeping a high frequency (t 1 ϽtϽt 2 ). Afterwards (t 2 ϽtϽt 3 ), due to the weak oscillations, the sand is slowly compacted until a flat final state is reached ͑at t 3 ). We stopped the oscillations when there is no more variation in the sand height (tϾt 3 ).
Once we obtained this flat and compacted interface, we run the experiment. To get close to the onset of ripple formation, we decreased the amplitude of oscillation A for fixed values of ␦ and d. The corresponding temporal evolutions of the mean ripple wavelength , for dϭ110 m and ␦ ϭ560 m, are plotted in Fig. 2͑a͒ . For a high amplitude ͓Aϭ3.1 cm, Fig. 2͑a͔͒ , rolling-grain ripples appears quickly after 20-30 oscillations. Then, the ripple wavelength increases rapidly due to the coarsening process. This latter leads to a final vortex ripples state. For a small amplitude ͓Aϭ1.2 cm, Fig. 2͑a͔͒ , it took hundreds of oscillations before a first pattern, which fills the whole cell, could be detected. Afterwards, the system evolved on a longer time scale: hours or days.
Moreover, we noticed that given a grains size, the first measured wavelengths reached a constant value when A tends to be small for a constant frequency ͓Fig. 2͑b͔͒. This is probably an evidence that the system gets close to its marginal stability limit as the time for the appearance of the pattern increases when the amplitude decreases. In addition, we changed the grains diameter and we recovered the same behavior with the difference that the threshold amplitude for pattern formation increases with the grains size. Besides, if we plot the probability distribution function ͑pdf͒ of individual ripple wavelength among the whole sand pattern, here again, significant differences appear between low and high A ͓Fig. 2͑c͔͒. For large amplitude of oscillation, the pdf exhibits asymmetry with a long tail for small wavelengths. This is the signature of few local merging events: the distance between neighboring ripples tends to zero during a merging. Therefore, we claim that the first measured wavelength can be identified with the unstable wavelength of the flat sand bed only in the weak forcing case ͑i.e., for small A). For a strong forcing, the unstable growth and the coarsening evolve on the same time scale and these two mechanisms affect the wavelength selection.
Similarly, given a constant amplitude, we noticed that the first measured wavelengths reached a constant value when the frequency f tends to be small that is when the Stokes layer ␦ tends to be large ͓Fig. 3͑a͔͒, once again close to the threshold for sediment movement and also for stability limit. For higher frequencies, coarsening appears and the wavelength increases. Changes in the frequency at constant amplitude induce a stronger acceleration of the coarsening than changes in the amplitude at constant frequency. It is consistent with the evaluation of Taylor for the movement threshold: he showed that, assuming laminar flow, the amplitude, the frequency, and the grain diameter are linked by the following constraint A f 3/2 /dϭconst. expressing that the shear force d 2 ϳ f Vd 2 /␦ normalized by the reduced weight ( s Ϫ f )gd 3 equals a constant close to the limit for movement ͓1,5͔. More generally, a relationship exists between all the relevant length scales ͓F(A,d,␦,l v )ϭ0͔ close to threshold without assuming necessarily a laminar flow. As   FIG. 1 . ͑Color online͒ Evolution of the sand height during the flattening procedure. In a first step (tϽt 1 ), there is a fluidization (Aϭ3 cm, f ϭ3 Hz, ⌫ sand ϭ1.8) of the upper sand layer. Then, the amplitude is strongly reduced (Aϭ0.1 cm, f ϭ3 Hz, ⌫ sand ϭ0.06) and a slow recompaction of the sand layer occurs (t 2 Ͻt Ͻt 3 ) until a steady compacted state is reached (tϾt 3 ). The white vertical rectangle gives a scale of 0.2 cm and dϭ110 m.
before, we changed the amplitude and we recovered the same behavior with the difference that the threshold frequency for pattern formation decreases when the amplitude increases. Finally, for a constant grains diameter, we changed the amplitude and got close to the stability limit by diminishing it. Then, we changed the frequency and noticed the same behavior: the first measured wavelength tends to a constant ͓Fig. 3͑b͔͒. A new setup with a larger gap (aϭ1.9 cm) was built in order to perform the measurement for ␦ϭ1261 m and avoid boundary layer effect between the concentric cylinders. We have to mention that very close to the limit for pattern formation, some ripples may appear but we can hardly detect a pattern which fill the whole annulus ͑these situations are not reported here͒. It may also explain why there is a tendency to underestimate the number of ripples all around the perimeter that is to overestimate the mean initial wavelength when one gets close to the stability limit.
We have collected all the results concerning the first mea- sured wavelength in function of some dimensionless numbers which do often appear in the morphology literature like the Froude number, its square that is the mobility number ͑not represented here͒, the Reynolds number based on the Stokes layer, and the laminar Shields number which is the ratio of the mobility number to the Reynolds number ͑Figs. 4 and 5͒. The representation in function of the Froude number is not far from the prediction of Blondeaux. We recover the critical value of marginal stability F d ϳ2 for R d ϳ10-60 ͑Fig. 9 of Ref. ͓2͔͒. Nevertheless, the threshold of the rolling-grain ripples instability is controlled by more than one dimensionless parameter. In Fig. 6 , we plot the value of F d and R ␦ close to the instability threshold when the first measured wavelength reaches a constant value. This curve gives an upper-bound limit to stable region. According to these results for weak R ␦ ϳ50-100, the critical Froude number F d is almost constant. Hence, in this range of parameters, F d seems to be the unique control parameter of the instability. However, for larger R ␦ Ͼ100, one notices that the critical Froude number increases significantly with R ␦ , namely, the instability threshold is fixed by both In addition to the wavelength selection, an important issue of this study is to characterize the dynamical and morphological evolution of the ripples during the coarsening process. In the first stage of growth ͑100 oscillations for the present case͒ the ripple height did not exceed three or four grain diameters ͓Fig. 8͑a͔͒. At this stage, the maximum angle of the pattern was around 7°, well below the avalanche angle of the granular material. Then, ripples slowly merged together and both their height h and the maximum angle ␣ increased: for instance hӍ0.04 cm, ␣ϭ9°-14°for 600 oscillations ͓Fig. 8͑b͔͒ and hӍ0.075 cm, ␣ϭ14°-19°for 2700 oscillations ͓Fig. 8͑c͔͒. The rolling-grain ripples never reached a morphological equilibrium, and after 3000 oscillations ͑for the present case͒, high amplitude ripples appeared in the domain and the system evolved abruptly to a final vortex ripples state. Hence, there is no self-similarity of the ripple shape during the coarsening process and, at all times, they strongly differ from sinusoidal patterns. Recently, several amplitude equations, satisfying the symmetries of the sand-fluid system, have been proposed to describe various ripple dynamics ͓18,19͔. These models always show a coarsening of the structures and in some cases they predict a logarithmic growth of the wavelength. Experimental validation of such a behavior is always difficult because it requires a significant evolution of the wavelength for a long time. However, in a few cases, close to the onset of ripple formation, these conditions were satisfied in our experiments and we have found that the coarsening of rolling grain ripples follows a logarithmic growth ͓Fig. 8͑d͔͒. Nevertheless, the distinction between a logarithmic law or a weak power law cannot be done with this data set.
In conclusion, to understand the rolling-grain ripples dynamics ͑and analyze the experimental results͒ a clear distinction should be made between the initial formation of ripples ͑resulting from the flat sand bed instability͒ and the ripple coarsening which follows. According to the large numbers of experiments and the restricted conditions to obtain the initial wavelength, we can propose an indicative law for the wavelength selection which is a function of d, ␦, and l v . Our data show that for small R ␦ ϳ50-100, the Froude number F d is the main control parameter of the instability. However, for larger R ␦ , the instability threshold is given by both F d and R ␦ . The values of F d and R ␦ for the marginal stability limit predicted in Ref. ͓2͔ is in reasonable agreement with our results. Besides, we were able to follow with a great accuracy the morphological evolution of the ripple during the coarsening process. During this stage, the ripple steepness increased with time and, in specific cases, we observed a logarithmic coarsening of the rolling-grain ripples.
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